High-Purity 4-Nitrophenol: Purification, Characterization, and Specifications for Use as a Spectrophotometric Reference Material George N. Bowers, Jr.,' Robert B. McComb,' Richard C. Christensen,2 and Robert Schaffer2
We describe specifications for high;purity 4-nitrophenol, which is suitable for spectrophotometric standardization. Such a reference material is needed in clinical enzymology to establish the proper molar absorptivity of 4-nitrophenol under final reaction conditions, partIcularly for measuring alkaline phosphatase activity in human serum. Some lots of 4-nitrophenol available commercially met these specifications, but several did not. The latter can be purified to meet our specifications by recrystallization or sublimation. The molar absorptivity of 4-nitrophenol (35 mol/L) in 10 mmol/L NaOH at 25 #{176}C at 401 nm is 18 380 ± 90 L.mor 1 activity in human serum or other body fluids or tissues (2) .
The spectral absorbance curves of 4NP and 4NPP in an alkaline solution are given in Figure 1 . The molar absorptivity of 4NP near 400 nm has been reported to be 18 000 to 20 000 L.mol"cm', depending upon the composition of the solution and the physical conditions (Table 2 ) (3) (4) (5) (6) (7) (8) (9) (10) (11) . This high but variable value for 4NP stands in marked contrast to the extremely low molar absorptivity of its phosphate ester 4NPP, which is about 50 L-mol'.cm' at this same wavelength (12) . These desirable spectral characteristics of 4NP and 4NPP, coupled with the high activity observed when alkaline phosphatases of human serum hydrolyze 4NPP, have made it one of the most widely used phosphatase substrates (2) (d) sample size and total reaction volume, (e) magnesium concentration, and (I) order of reagent and sample addition.
As a result of these differences, the upper reference limit of activity for this enzyme in serum of adults can range from 80 to 375 U/L.
Note also that the molar absorptivity of 4NP changes, depending upon the solution environment into which it is released. Figure 2 Tables 4 and  5 ) was then dried for several days in a desiccator at 50 #{176}C under reduced pressure.
Reported Values for 4NP and Tests of Commercial Materials
Sublimation. This process is performed as described (26) within an all-glass apparatus at a reduced pressure of about 100 N/m2 (1 mmHg). Before attaching the condenser to the sample container, a quantity of 4NP, dissolved in a small volume of warm methanol, is put into the container. vent is then allowed to evaporate so that a thin crystalline layer of 4NP is left adhering on the bottom and lower wall of the container to a height that is below the surface of the condenser. The apparatus is then connected to the source of reduced pressure.
When under reduced pressure, the outer container is immersed in a water bath to the level of the 4NP crystals. Warm tap water is run through the condenser until the temperature of the water bath reaches about 60 #{176}C, then cold tap water is used. Crystalline 4NP sublimes onto the cold surface as the bath is heated further.
Heating is continued until most of the 4NP has sublimed. In buffers Is usually higher than in NaOH (see Figure 2 ). C Wavelength not specified. "Values estimated by one of us (GNB, Jr.).
Methods of Analysis and Results
In performing the titrations, we placed 50 mL of distilled water (previously boiled to remove CO2) in a beaker, stirred with a magnetic stirrer, and inserted a pH electrode into the beaker.
The potassium acid phthalate or the 4NP was washed from the watch glass into the beaker and the titration was begun. The solid material dissolved as the titration progressed. The end-point of the titration for potassium acid phthalate was pH 8.9 and for the 4NP was 975 The heating rate was 0.625 0C/min. High-purity indium metal was used as a standard, both for the heat of fusion and for determining the melting slope of a pure compound.
We used a computer program to reduce the data and to plot absolute temperature against the fraction of the material melted, T vs 1/f. The slope of the line is equal to the freezing point depression.
From that value and the heat of fusion, which is also obtained from the data, the mole-percent impurity is calculated (27) . "Based on pK,, of 5.1 for potassium acid phthalate, the pH at its equivalence point was calculated to be 8.9, with a water blank of 8 giL. Based on a piCa of 6.7 for 4NP, the pH at the equivalence point was calculated to be 9.7, with a water blank of 50 ML. The final volume per titration was about 100 mL. Separations of 2-, 3-, and 4-nitrophenol reference solutions were good. Injections of solutions containing 40 zg of 4NP gave peaks with amplitudes that were about 10 times full scale. We detected no peaks corresponding to the other nitrophenols in any of the samples studied. We believe the limit of detection is about 0.1% for the isomeric nitrophenols under these conditions. values on these SRM 930b glass filters obtained with the Cary 219 also lay within these certified limits. For the spectrophotometric readings on 4NP given in Table  5 , about 139 mg (1 mmol) of high-purity 4NP (i.e., Samples A, B, and C), weighed to the nearest 0.01 mg, was quantitatively transferred to a preweighed 1-L volumetric flask. After dissolving the 4NP in reagent-grade water (conductivity < 1 x 10-s cmt), filling to the mark and mixing, we determined the mass of the solution by weighing the flask and contents, and calculated the weight ratio of 4NP in the solution.
Approximately 35 mL of this solution was dispensed into a 1-L Class A volumetric flask from a plastic syringe (with needle attached).
The mass of transferred 4NP solution was determined by weighing the syringe when filled and after delivery.
(The calibration of each Class A volumetric flask used was checked and was well within the specifications of 3 parts in 100 000.) Reagent-grade water and 10 mL of 1 mol/L NaOH were added and, after temperature-equilibration in a water bath set at 25.0 #{176}C, the flask was filled to the mark. Complete mixing was ensured by inverting each flask at least 30 times. The average absorbance at 25.0 #{176}C was obtained from plots of three or more fresh samples of the final solutions of the high-purity 4NP samples under study, and was used to calculate the molar absorptivities in Table 5 .
Discussion
Because commercially supplied 4NP preparations are not uniformly of high purity, the user is advised to assay the 4NP to determine its relative purity. Our purification and characterization studies with many lots of 4NP from numerous sources have provided the basis for developing specifications for an acceptable 4NP reference material. Fortunately, acceptably pure material is readily available from a number of commercial suppliers. High-purity 4NP should be colorless to only slightly yellow, have no odor, and melt at 113-114 #{176}C. It is also relatively easy to prepare material of acceptable purity by either the multiple crystallization or the sublimation techniques described in this paper. As shown in Table 4 , water may contribute measurably to the amount of impurity.
The water-content analyses by Karl Fischer titrations agreed with the impurity estimations given by alkali titration.
Note that Sample C in Table 4 had measurable water, but after being dried at reduced pressure and 50 #{176}C for 24 h it gave molar absorptivity values in excellent agreement (Table 5) with Samples A and B. High-purity 4NP should have a water content of <0.10 g per 100g.
The values in Table 4 for 4NP purity by titration with alkali are reasonably consistent with those by differential scanning calorimetry.
Note that one method gives purity in terms of grams per 100 grams ("mass percent") and the other as moles per 100 moles ("mole percent").
We estimate the imprecision of these measurements to be about 0.05% (CV Table 4 . The orange color that appears after long exposure to light does not seem to cause identifiable changes (compare A1 with A and B2 with B1 in Table 4 ).
As shown in Figure 2 , changes in temperature result in changes in the absorbance of 4NP in alkaline solution. Despite the ipecial attention we gave to the control, careful measurement, and correction of all solution temperatures to 25 #{176}C during spectrophotometric readings, we judge that errors related to temperature might account for a variability of approximately 0.1% in the values listed in Table 5 . The error associated with pathlength should be <0.1% because the SRM 932 reference quartz cuvettes have been certified by NBS to 5 parts in 100 000 (30); the internal pathlength of our cuvette was given as averaging 9.999 mm. We estimate the residual impurities in high-purity 4NP dried under reduced pressure (such as Samples A, B, or C listed in Table 4 ) to be < 2 mg/g. Thus, the accumulated uncertainties from the determination of absorbance A mean value of 18 378.8 (SD 12.6) L.mol'.cm' was obtained for six determinations (see Table 5 -three mean values from Hartford and three single values from NBS), giving a std. error of the mean of 5.1 L-molt.cm'.
The random error was taken as 3 SEM 15 L.mo11'cm' and the systematic error was estimated to be 75 L.molt.cm' by use of the propagation-of-errors formula similar to that in our prior publication (34). No corrections were made for multiple reflections from cuvette surfaces, beam convergence, or air bouyancy, because such factors would also be present to a like extent for others using high-resolution spectrophotometers as well as for most others making pragmatic determinations of enzyme catalytic concentrations. Table 6 summarizes our recommendations for the specifications of high-purity 4NP suitable as a spectrophotometric reference material. Our best estimate of the molar absorptivity of 4NP and its overall uncertainty under the conditions mentioned above is 18 380 ± 90 L#{149}mol'-cm'.
